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Edited by Julian Schroeder and Ulf-Ingo Flu¨ggeAbstract Stomatal complexes consist of pairs of guard cells
and the pore they enclose. Reversible changes in guard cell vol-
ume alter the aperture of the pore and provide the major regula-
tory mechanism for control of gas exchange between the plant
and the environment. Stomatal movement is facilitated by the
activity of ion channels and ion transporters found in the plasma
membrane and vacuolar membrane of guard cells. Progress in re-
cent years has elucidated the molecular identities of many guard
cell transport proteins, and described their modulation by various
cellular signal transduction components during stomatal opening
and closure prompted by environmental and endogenous stimuli.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Stomata are microscopic pores in the epidermes of aerial
plant parts that allow both CO2 inﬂux for photosynthesis
and water vapor loss. Stomatal apertures are regulated by
the reversible swelling and shrinking of the surrounding pair
of guard cells (GC), which thereby control rates of gas ex-
change [1]. During stomatal opening, an increase in guard-cell
volume (swelling) is driven by uptake and intracellular gener-
ation of solutes, which decreases guard cell water potential
and creates a driving force for water uptake into the guard
cells. Due to the radial reinforcement of the guard cell walls,
the resultant increase in turgor causes the two guard cells of
the stomate to separate, widening the stomatal pore. During
stomatal closure, there is a reduction in guard cell solute con-
tent and volume, which results in guard cell deﬂation and a
narrowing of the stomatal aperture.
Since mature guard cells lack plasmodesmata, all solute up-
take and eﬄux must occur via ion channels and ion transport-
ers situated in the plasma membrane (PM). Ion channels are
proteins that mediate energetically downhill ion ﬂuxes via
ion movement through a regulated proteinaceous pore. Trans-
porters include pumps, which use energy directly, usually fromAbbreviations: Ca2þcyt, Cytosolic free Ca
2+ concentration; pHcyt, cyto-
solic pH; GC, guard cell; PM, plasma membrane; ROS, reactive
oxygen species; CNGC, cyclic nucleotide gated channel; GLR,
glutamate receptor family protein
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as carriers, symporters, and antiporters. Rates of solute ﬂux
through transporters are orders of magnitude slower than
ﬂuxes through channels. Ion currents, channels, and transport-
ers discussed in this review are summarized in Table 1.
The suite of transport events that operates during stomatal
opening and closure has been extensively studied. Models
highlighting the ion channels and transporters involved in sto-
matal opening and closure are given in Fig. 1. During stomatal
opening, H+-ATPase-mediated H+ eﬄux from the cytosol
hyperpolarizes the membrane potential beyond the equilibrium
potential for K+ and activates voltage-regulated inward K+
channels, leading to K+ inﬂux. Malate2 production from
starch breakdown provides the major anionic species that
accumulates during stomatal opening. Transporter-mediated
uptake of Cl and NO3 can also contribute to intracellular sol-
ute buildup, as can import or synthesis of sugars. During sto-
matal closure, membrane depolarization occurs due to
inhibition of H+-ATPase activity and activation of anion chan-
nels that mediate passive eﬄux of Cl, malate2, and NO3 .
Membrane depolarization creates a driving force for K+ eﬄux
via outwardly-rectifying K+ channels that are activated by
depolarization. Elevation of cytosolic free Ca2+ concentration
ðCa2þcytÞ via Ca2+-permeable channels at the PM as well as Ca2+-
release channels situated in endomembranes is frequently
observed to precede or accompany stomatal closure. As large
amounts of cell solutes are stored in the vacuole, coordinated
regulation of solute ﬂuxes at the PM and tonoplast is especially
central to turgor control in guard cells [2].
Our knowledge of the roles of ion channels and transporters
in the control of stomatal aperture came initially from electro-
physiological and pharmacological studies. These channels
and transporters have distinctive current/voltage relationships,
some of which are illustrated in Fig. 2. Recent work has also
elucidated the molecular basis of some of these fundamental
processes. This review brieﬂy describes our current under-
standing of the properties and regulation of guard cell ion
channels and transporters of the plasma membrane and tono-
plast, and their roles in known signal transduction pathways.
Models depicting the essential signaling proteins and second-
ary messengers involved in regulating guard cell ion transport
are shown in Fig. 3.2. Plasma membrane ion transporters and channels
2.1. H+-ATPases: properties and regulation
H+-ATPases belong to the family of P-type ATPases and are
functional equivalents of the Na+/K+-ATPases of animals. Inblished by Elsevier B.V. All rights reserved.
Table 1
Ion currents, ion channels, and ion transporters discussed in this review, listed in the order mentioned in the text
Name of current, channel, or transporter Genes encoding the transport function in Arabidopsis
(PM) H+-ATPase AHA1-AHA11
Dual aﬃnity NO3 transporter AtNRT1.1 (CHL1)(also NRT1.2,and a family of NRT2 genes)
(PM) inward K+ channel KAT1, KAT2, AKT1, AKT5, SPIK, AKT2/3, ATKC1
(PM) weakly rectifying K+ channel AKT2/3
(PM) outward K+ channel GORK, SKOR
(PM) Slow (S-type) anion current NA (Possibilities are >120 ABC transporter genes and seven
AtCLC genes)
(PM) Rapid (R-type) anion current NA
ABC transporter that modulates S-type currents and
hyperpolarization-activated Ca2+currents
AtMRP5
(PM) Hyperpolarization-activated Ca2+ current NA
Cyclic nucleotide-gated Ca2+-permeable channel 20 CNGC genes
Glutamate receptor family (may conduct Ca2+ and/or activate a
Ca2+ conductance)
20 GLR genes
(V) V-ATPases 26 VHA genes which together encode the 12 diﬀerent V-ATPase
subunits
(V) V-PPases AVP1, AVP2, AVPL1
(V) 2NO3 =H
þ antiporter AtCLCa (in total 7 AtCLC genes)
Ca2+ ATPases ACA1-ACA11
Ca2+/H+ antiporters CAX1-CAX10
(V) FV cation currents NA
(V) VK K+ current KCO/TPK1 (in total 6 KCO/TPK genes)
(V) SV K+, Ca2+ currents TPC1
(V) InsP3-, InsP6, and cADPR-activated Ca
2+ release channels NA
(V) CDPK-activated anion current NA
PM = plasma membrane; V = vacuolar membrane (tonoplast). If not enough information is available to deﬁnitively localize the entire gene family, or
if diﬀerent family members are known to localize to multiple membrane types, then no intracellular location is listed. NA = no information available.
See Fig. 1 for information on which of these genes/proteins have been detected in guard cells to date.
Fig. 1. Ion channels and transporters functioning in stomatal movements. The left stomate shows transport proteins active during stomatal opening
and the right stomate shows transport proteins active during stomatal closure.
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11 and 10 genes present in the fully sequenced genomes of Ara-
bidopsis and rice respectively. All 11 of the Arabidopsis genes
are expressed in guard cells [3]. These proteins may have
redundant functions or they may achieve functional speciﬁcity
at the signal transduction level (speciﬁc pathways, interaction
partners, etc.).During stomatal opening, membrane hyperpolarization
facilitates K+ entry into the guard cells. Hyperpolarization is
driven by the activity of H+-ATPase pumps located in the
PM [4,5]. The electrochemical gradient thus generated acts as
a driving force for a number of other ion/solute ﬂuxes. Irre-
versible activation of the H+-ATPase by the fungal phytotoxin
fusicoccin leads to inability of stomates to close and results in
Fig. 2. Idealized current/voltage relationships of guard cell plasma membrane ion channels and the plasma membrane H+-ATPase. (A) Inward
potassium current (cf. [70]). (B) Outward potassium current (cf. [70]). (C) S-type anion current (cf. [67,70]). (D) R-type anion current (cf. [92]). (E)
Calcium current (cf. [117]). (F) H+-ATPase pump current (cf. [157]). Currents are color-coded according to the color scheme of Fig. 1.
Fig. 3. Models of guard cell signal transduction pathways aﬀecting transport. Only regulators that have been demonstrated to participate in
modulation of transport functions are shown, so the models show only a subset of the current information on guard cell signal transduction (cf. [57]
for more information) and are depicted in a simpliﬁed, largely linear fashion. (A) Model depicting ion channels and transporters that are active
during stomatal opening, and the regulatory proteins and secondary messengers which regulate them. (B) Model depicting ion channels and
transporters that are active during stomatal closure, and the regulatory proteins and secondary messengers which regulate them. Note that although
dominant negative abi1-1 and abi1-2 mutations render stomata ABA-hyposensitive, recessive mutations in these genes render stomata ABA-
hypersensitive [158]. For this reason, the ABI1 and ABI2 proteins are depicted as negative regulators of ABA response.
S. Pandey et al. / FEBS Letters 581 (2007) 2325–2336 2327leaf wilting, emphasizing the importance of H+-ATPases in the
regulation of stomatal movement. In guard cells, H+-ATPase
activity is regulated by blue light, auxin, ABA and Ca2+.2.2. H+-ATPases: roles in guard cell signal transduction
Blue light-activation of PM H+-ATPases is one of the best
studied processes in guard cell function. Studies in Vicia faba
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through a phosphorylation/ dephosphorylation-based mecha-
nism [6,7]. When inactive, the C terminus of the H+-ATPase
acts as an autoinhibitory domain. Upon blue light illumina-
tion, a type 1 protein phosphatase is activated [8] which, via
an unknown mechanism, activates a protein kinase that phos-
phorylates the C terminus of the H+-ATPase [9–11]. Conse-
quent H+-ATPase binding with 14-3-3 protein results in
displacement of the auto-inhibitory domain and activation of
the H+-ATPase [11] (Fig. 3).
Identiﬁcation of the photoreceptors that perceive the blue
light signal upstream of the type 1 protein phosphatase came
when studies with the double blue light-receptor mutant phot1
phot2 demonstrated essentially no blue light-stimulated stoma-
tal opening in this mutant [12]. Compared to wild-type plants
or single phot1 or phot2 mutant plants, guard cell protoplasts
from phot1 phot2 double mutant plants show severely reduced
blue light-induced proton pumping and ATP hydrolysis, and
loss of 14-3-3-protein binding, conﬁrming a sequence of events
starting at perception of blue light by PHOT1 PHOT2 recep-
tors leading to 14-3-3 binding, H+-ATPase activation, H+
extrusion and stomatal opening [3,12]. In addition, the crypto-
chrome blue light receptors Cry1 and Cry2 have also been pro-
posed to regulate blue light-induced stomatal opening
collectively with PHOT1 PHOT2, however their roles in ion
transport regulation have not been demonstrated [13].
Similar to blue light, auxins also cause swelling of guard
cells, leading to opening of the stomatal pores, and auxins have
been shown to increase ATP-dependent pump currents across
the guard cell PM [14,15]. Conversely, abscisic acid (ABA)
strongly inhibits light-stimulated stomatal opening. ABA also
inhibits blue light-stimulated H+ pumping and ATP hydroly-
sis, via inhibition of known pathway components such as
H+-ATPase phosphorylation and binding of 14-3-3 protein
[16]. These four eﬀects were antagonized by ascorbate, a scav-
enger of reactive oxygen species (ROS), suggesting that ROS
production is an early element in this signaling cascade
(Fig. 3). Indeed, ABA stimulates ROS production in GC
[17,18]. Oscillatory increases in Ca2þcyt are another consequence
of ABA exposure, and elevated Ca2+ concentrations inhibit
H+ pumping and ATP hydrolysis in guard cell microsomes
[19].2.3. Anion transporters
It has been known for several decades that guard cells can
take up Cl ions during stomatal opening [20], but the molec-
ular basis of this mechanism is still unknown. The electro-
chemical gradient for Cl across the membrane dictates that
Cl uptake is an energy-requiring process, and it is hypothe-
sized that inﬂux occurs via H+/anion symporters or OH/an-
ion antiporters.
NO3 uptake can also contribute to stomatal opening, partic-
ularly when Cl is not available [21], as is evident from studies
with Arabidopsismutants of the nitrate transporter, AtNRT1.1
(CHL1), which mediates both high and low-aﬃnity NO3 up-
take. The chl1 mutant shows reduced stomatal opening and
guard cell NO3 content when NO

3 is provided in the medium
in the absence of Cl, indicating that AtNRT1.1 is the trans-
porter responsible for NO3 uptake by guard cells. When grown
inNO3 -containing substrates, chl1mutant plants show reducedstomatal opening and decreased rates of water loss as compared
with wild-type plants, conﬁrming the importance of guard cell
NO3 uptake by AtNRT1.1 under these conditions [21].2.4. K+ channels: properties and regulation
Plant K+ channels expressed at the GC PM play a major role
in the K+ uptake and release that modulates GC turgor and vol-
ume [22,23]. Plant K+ channels were ﬁrst identiﬁed inVicia faba
GC by electrophysiological studies [24,25]. The ArabidopsisK+
channels AKT1 and KAT1 were the ﬁrst plant ion channels to
be identiﬁed at the molecular level [26–28]. Nine K+-channel
genes have now been identiﬁed in Arabidopsis: KAT1, KAT2,
AKT1, AKT5, SPIK, AKT2/3, AtKC1, SKOR and GORK [29].
Plant K+ channels exhibit signiﬁcant sequence and structural
similarity with voltage-dependent Shaker-type ion channels of
animals; however, while Shaker channels are outwardly-rectify-
ing, individual plant K+ channels may be inwardly-rectifying,
outwardly-rectifying, or weakly rectifying (Fig. 2). The inward
K+ channels KAT1, KAT2, AKT1, the outward K+ channel
GORK, the K+ channel AKT2/3, whose rectiﬁcation properties
are dependent on its phosphorylation status [30], and the sub-
unit AtKC1, which forms a heteromeric channel with KAT1
or AKT1 [31,32] are expressed in guard cells.
Shaker channels in animals function as tetramers, and co-
assembly of diﬀerent monomers can aﬀect channel characteris-
tics. Because the individual Arabidopsis K+ channels that are
expressed in guard cells form functional channels when ex-
pressed in heterologous systems, it seems that these plant chan-
nels can form homomers. However, from analyses in
heterologous systems, interactions have been found between
the inward rectiﬁers KAT1 and AKT1, KAT1 and AtKC1
[31], AKT2 and KAT1 [33], KAT1 and KAT2 [34], AKT1
and AKT2, AKT1 and AtKC1, AKT2 and AtKC1 [29], and
such interactions can aﬀect the current magnitude of the co-ex-
pressed channel [33].
Evidence for the importance of K+ channel heteromerization
in planta is provided by the observation that inward K+ chan-
nels from akt2/3 knockout plants are still detected, but these
channels have lost susceptibility to voltage-dependent channel
block by Ca2+ [35]. This result implies that, in wild-type guard
cells, heteromerization of other inward K+ channels with
AKT2/3 is responsible for production of the characteristic in-
ward K+ current that is subject to Ca2+ block. K+ channel beta
subunits such as KAB1 may also modulate K+ current charac-
teristics, possibly via interaction with KAT1, similar to some
of their mammalian homologs [36].2.5. K+ channels: roles in guard cell signal transduction
2.5.1. Identiﬁcation of speciﬁc K+ channel proteins that
mediate GC K+ currents. K+ channels mediate K+ uptake and
release during stomatal movements. Thus, knockout mutation
of GORK, which encodes the solitary Kþout channel expressed in
guard cells, results in elimination of outwardly-rectifying K+
currents and impaired stomatal closure [37]. Overexpression
of a mutant version of KAT1 with reduced susceptibility to
Cs+ block of this inward K+ channel results in decreased Cs+
inhibition of light-induced stomatal opening [38]. Conversely,
dominant negative point mutations of KAT1 reduce Kþin cur-
rents and impair light-induced stomatal opening [39]. These re-
sults suggest that KAT1, either as a homomer or a heteromer,
plays a key role in K+ uptake during stomatal opening. How-
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currents and stomatal opening [40] possibly because in the ab-
sence of KAT1, other inward K+ channels are upregulated;
this does not appear to occur at the transcriptional level [40]
but could occur at the functional, i.e. post-transcriptional le-
vel. Additional regulation of K+ channels by traﬃcking and
relocalization may also be an important determinant [41]. Re-
cent elegant studies with transiently expressed GFP-tagged
KAT1 and dominant negative SNARE fragments show that
KAT1 is localized at the PM in punctuate structures and that
syntaxins regulate the traﬃcking and clustering of these chan-
nels [41]. Actin cytoskeleton stability also plays a role in K+
channel regulation: drugs that induce actin cytoskeleton depo-
lymerization (cytochalasin D) increase inward K+ currents in
Vicia faba guard cells, whereas phalloidin, which stabilizes
the actin cytoskeleton, inhibits these currents [42,43], and per-
haps these eﬀects reﬂect alterations in K+ channel traﬃcking
(Fig. 3).
2.5.2. Regulation of GC K+ currents by Ca2þcyt and cytosolic
pH (pHcyt). Inward K
+ currents of guard cells are inhibited
by elevation in Ca2þcyt. In a separate mechanism, Ca
2+ entry
from the apoplast at hyperpolarized membrane potentials
physically blocks the channel lumen, reducing K+ inﬂux
[35,44] (Figs. 1 and 3). Among Kþin channels, expression in het-
erologous systems demonstrates that KAT1 is activated by
acidiﬁcation of either cytosol or apoplast [45]; KAT2 is acti-
vated by external acidic pH [34], and channels of the AKT2
subfamily are inhibited by acidiﬁcation as a result of H+ block
of the channel pore [46,47]. In planta, whole cell inward K+
currents of V. faba guard cells are enhanced by external acid-
iﬁcation but show little response to changes in internal pH
[48,49].
Outward K+ currents of guard cells are insensitive to Ca2+-
regulation, but show distinct regulation by pH (Fig. 3). When
expressed in Xenopus oocytes, GORK activity is inhibited by
external acidiﬁcation [50], and studies of guard cell outward
K+ channels in whole cells and membrane patches similarly
show that availability of the outward K+ channels for activa-
tion by depolarization is decreased by external acidiﬁcation
[48,51]. Conversely, outward K+ currents of guard cells are
promoted by cytosolic alkalinization via a membrane delim-
ited pathway, i.e. pHcyt regulation of outward K
+ channel
availability can be observed in isolated guard cell membrane
patches [48,52,53].
2.5.3. Regulation of GC K+ currents by kinases and
phosphatases. Experiments using phosphatase and kinase
inhibitors during whole cell recordings have long suggested
the importance of phosphorylation/dephosphorylation in the
regulation of plant K+ channels, e.g. the guard cell inward
K+ current was reduced in response to protein phosphatase
2B inhibitors [54]. Moreover, protein phosphatase 1 and 2A
inhibitors, calyculin A and okadaic acid, inhibited inward
and outward K+ currents in V. faba guard cells [55].
Biochemical evidence for the role of kinases in K+ channel
regulation was revealed by phosphorylation of KAT1 by a cal-
cium-dependent protein kinase (CDPK) in V. faba guard cells
[56]. The behavior of heterologously expressed AKT2 channels
is modulated by phosphorylation, as activators of PKA type
kinases abolish inward rectiﬁcation [30].
2.5.4. Regulation of GC K+ currents by ABA-initiated
signaling cascades. ABA-induced stomatal aperture regula-
tion is one of the best characterized signal transduction path-ways in guard cells [57]. Loss-of-function mutants in two of
the three recently identiﬁed ABA-receptors show impairment
of guard cell function [58–60]. ABA inhibition of GC inward
K+ currents is very well elucidated [61], while ABA-promotion
of outward K+ currents is observed in some experimental sys-
tems [61,62]. Channel relocalization mediated by syntaxins
might comprise one component of K+ channel regulation,
since addition of a truncated form of Nt-SYR1 syntaxin to to-
bacco guard cells suppresses the eﬀect of ABA on both inward
and outward K+ currents [63].
ABA response is typically although not invariably followed
by elevation of pHcyt and oscillation of Ca
2þ
cyt in the guard cells
[64] (Fig. 3). Increase in pHcyt possibly occurs via increased
vacuolar H+ uptake [65] and results in an increase in the avail-
ability of voltage-activated outward K+ channels in the PM,
promoting K+ eﬄux and ABA-induced stomatal closure. An
increase in Ca2þcyt could either occur from Ca
2+ inﬂux from out-
side the cell and/or Ca2+ release from internal stores, and
inhibits inward K+ currents (Figs. 1, and 3).
Guard-cell K+ currents showed reduced sensitivity to ABA
in transgenic plants overexpressing dominant negative alleles
of the protein phosphatase 2C gene, ABI1 [66,67], showing
involvement of protein phosphatases in K+ channel regulation.
Heterotrimeric G-proteins are also involved in regulation of
inward K+ currents during ABA signaling in guard cells. The
ﬁrst evidence for a role of G proteins in inhibition of inward
K+ channels in guard cells came from electrophysiological
studies in which GTP and GDP analogues were introduced
to the cytosol of Vicia faba guard cell protoplasts [68,69]. Ara-
bidopsis plants lacking the Ga subunit of G proteins (GPA1)
show reduced inhibition of inward K+ currents, consistent with
reduced guard cell ABA-insensitivity in stomatal opening [70].
Sphingosine-1-phosphate (S1P) [71] and related sphingosine
metabolites appear to function upstream of GPA1 in this sig-
naling cascade: ABA stimulates the activity of sphingosine ki-
nase, which generates S1P, and S1P application inhibits inward
K+ currents in wild-type but not gpa1 guard cells [72] (Fig. 3).
S1P is a known ligand of G-protein-coupled receptors in mam-
mals, although a S1P receptor in plants remains to be identi-
ﬁed.
Production of ROS such as hydrogen peroxide (H2O2) and
the reactive nitrogen species nitric oxide (NO) in response to
ABA are recently discovered signaling mechanisms in guard
cells [73–76]. Pharmacological manipulations coupled with
mutant analysis of both ROS and NO pathways indicate that
ABA-induced H2O2 production stimulates NO production and
NO is required for H2O2 induced-stomatal closure. Con-
versely, NO does not stimulate H2O2 production in guard cells
nor requires H2O2 for its eﬀect on stomatal closure thus NO
possibly acts downstream of ROS production [77]. NO-stimu-
lated intracellular Ca2+-release inhibits inward K+ currents in
a phosphorylation-dependent manner. Broad range protein ki-
nase inhibitors inhibit intracellular Ca2+ release and render in-
ward K+ currents insensitive to pharmacologically produced
NO [74], suggesting that NO-induced Ca2+ release is kinase-
dependent, and that the NO eﬀect on inward K+ channels is
due to Ca2+-based inhibition [78]. Thus, the overall signaling
cascade appears to be a pathway from ABA to ROS produc-
tion to NO production to alteration in protein phosphoryla-
tion status to endomembrane Ca2+ release to Kþin channel
inhibition; however, additional parallel pathways may exist.
In addition to its eﬀect on inward K+ currents, NO at high
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mechanism that is independent of Ca2+ or pH changes and
dependent on an oxidizing environment, which may promote
protein nitrosylation [79] (Fig. 3).
2.6. Anion channels: properties and regulation
Anion channel currents have been reported in the PM of
many plant cell types [80–83], however, in contrast to cation
channels, little is known about the molecular identity of anion
channels. One candidate gene family is the CLC family, be-
cause CLC homologs in prokaryotes mediate Cl ﬂux. How-
ever to date, none of the seven CLC family members in
Arabidopsis has been localized to the PM or shown to function
as an anion channel in planta [84,85]. Another candidate gene
family is the ATP-binding cassette (ABC) superfamily [86,87].
The ABC transporter known as the ‘‘cystic ﬁbrosis transmem-
brane conductance regulator’’ (CFTR) can function as a Cl
channel in mammalian cells, and pharmacological inhibitors
of the CFTR also modulate anion (as well as K+) currents in
guard cells [88–90].
Guard cell PM anion channels mediate anion eﬄux and are
classiﬁed electrophysiologically as rapid (R-type), or slow
(S-type) anion channels [80–83,91] (Fig. 2). The R-type chan-
nels exhibit rapid activation kinetics over a narrow voltage
range. The S-type channels activate over a much broader range
of voltages and exhibit slow activation and deactivation kinet-
ics. S-type channels are a major component of the membrane
depolarization mechanisms that drive stomatal closure [91]
(Fig. 1). In the presence of extracellular anions, including ma-
late2 and Cl, which would accumulate in the apoplast during
stomatal closure, the voltage-regulation of guard cell R-type
channels shifts to more negative voltages. This promotes anion
eﬄux through the channels and in this manner R-type chan-
nels can also contribute to membrane depolarization [62,92].
Both R- and S-type channels are permeable to a range of an-
ions, including those of physiological relevance to guard cell
function: malate2, Cl, and NO3 . Both channels can be acti-
vated by elevation in Ca2þcyt [80,81,93] , although electrophysio-
logical measurements on intact guard cells in situ demonstrate
that these channels are not obligately dependent on Ca2+ ele-
vation for their activity. However, the channels do require
the physiological resting level of Ca2þcyt, as when Ca
2þ
cyt is buf-
fered to non-physiologically low levels (below 100 nM),
ABA-activation of anion channels is interrupted [94]. As de-
scribed in more detail below, physiological and genetic manip-
ulations implicate protein kinase(s) as important activators of
S-type channels.
2.7. Anion channels: roles in guard cell signal transduction
ABA activates both S-type and R-type anion channels in GC
[67,92]. Regulation of the S-type channels has been studied in
more detail. Recent work has suggested the involvement of a
PM localized, ATP binding cassette (ABC) protein, AtMRP5,
in ABA-activation of anion channels [95,96]. Although
AtMRP5 itself does not result in currents when expressed in in-
sect cells or Xenopus oocytes, insertional mutation of AtMRP5
in Arabidopsis impairs ABA and Ca2þcyt activation of slow (S-
type) anion channels as well as PM-Ca2+ channels. Thus, the
authors propose that AtMRP5 is a plasma membrane-local-
ized regulator of these channels [95].
Guard cells can elevate Ca2þcyt following ABA exposure and
they can also elevate pHcyt (Fig. 3). Based on whole-cellrecording of gpa1 knockout vs. wild-type guard cells in the
presence or absence of a pH clamp, it seems that ABA can acti-
vate S-type channels either via a GPA1-based signaling cas-
cade or via a pHcyt -based signaling cascade. When both of
these mechanisms are blocked, ABA activation of S-type cur-
rents is greatly reduced, as is ABA-induced stomatal closure
[70]. S1P appears to function solely in the G-protein branch
of this pathway, as S1P application activates S-type channels
in wild-type guard cells but not in gpa1mutant guard cells [72].
Mutants deﬁcient in a farnesyl transferase subunit (era1) or
in a RNA cap-binding protein (abh1) are ABA hypersensitive
and show enhanced ABA-activation of S-type currents [91,97].
In addition, patch clamp recordings of S-type anion currents in
dominant negative mutants of type 2C protein phosphatases
which are ABA hyposensitive (abi1-1 and abi2-1) [67] or direct
measurement of anion currents in intact guard cells of tobacco
plants expressing the dominant negative ABI1 gene [98],
showed a reduction in ABA-activation of S-type channels in
these genotypes, indicating the importance of protein dephos-
phorylation (Fig. 3).
Following initial pharmacological studies [99], evidence for
involvement of phosphorylation events, both Ca2+-indepen-
dent and Ca2+-dependent, in ABA regulation of S-type chan-
nels has been provided by capitalizing on the tools aﬀorded
by molecular genetics. First came the cloning and characteriza-
tion of a V. faba Ca2+-independent ABA-activated protein ki-
nase (AAPK) [100–102], with an ortholog in Arabidopsis
named OST1 [103]. Expression of a dominant negative form
of AAPK resulted in insensitivity of ABA-induced closure of
guard cells and impaired ABA-activation of S-type anion cur-
rents. More recently, involvement of two calcium-dependent
protein kinases (CDPKs), CPK3 and CPK6 in regulation of
these channels has been demonstrated in Arabidopsis [104].
Guard cells of double cpk3 cpk6 knock-out mutants show im-
paired Ca2+-induced activation of S-type anion currents (as
would be expected if Ca2+ was acting upstream, or at the level
of, the CDPK), reduced sensitivity to ABA regulation of these
channels, and a reduced sensitivity to ABA- and Ca2+-induced
stomatal closure in mutant plants (Fig. 3). R-type current
behavior was only slightly aﬀected by these mutations [104].
Given that genetic manipulations have implicated RNA pro-
cessing, protein farnesylation, protein dephosphorylation,
both Ca2+-dependent and Ca2+-independent protein kinases,
sphingosine kinases, G-proteins, and pHcyt in S-type anion
channel regulation, the complexity of the intracellular signal-
ing cascade regulating these channels is very apparent. Model-
ing approaches such as those developed by Li et al. [57] can
help to organize this information and infer a hierarchy of sig-
naling events.
2.8. Ca2+ channels: properties and regulation
Ca2+ entry activates many physiological processes induced
during ABA-stimulated stomatal closure. At the molecular le-
vel, it is predicted that 41 genes in Arabidopsis may potentially
encode non-selective cation channels with permeability to
Ca2+. These genes are divided into three families of which
one, TPC1, has a single family member that appears tono-
plast-localized [105] (Fig. 1). The other two families are the
20 member cyclic nucleotide gated channel (CNGC) family
[106], and the 20 member glutamate receptor family (GLR)
[107]. Work on CNGC1 and CNGC2 [108–111], indicates that
CNG channels are permeable to cations, including K+ and
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cAMP can activate a Ca2+ (Ba2+) current in Arabidopsis guard
cell protoplasts, suggesting a possible role of CNG channels in
Ca2+-based signaling in this cell type [112].
In Arabidopsis roots, glutamate induces large and rapid ele-
vation of [Ca2+]cyt and transient membrane depolarization
[113], suggesting that GLRs either conduct Ca2+ or activate
another channel that does so [114]. GLR3.4 is ubiquitously ex-
pressed throughout the plant, including guard cells, and so
may play role in Ca2+-based guard cell signaling [115].
Hyperpolarization- and ABA-activated Ca2+ currents are
observed in guard cells [116,117] however, the relationship be-
tween these currents and CNGC or GLR proteins remains un-
known. In addition, genetic disruption of AtMRP5 impairs
activation of these currents, but there is no evidence to
date that AtMRP5 functions as a Ca2+-permeable channel
[95,96].
2.9. Ca2+ channels: roles in guard cell signal transduction
External Ca2+ application inhibits stomatal opening and
promotes stomatal closure. ABA can elevate Ca2þcyt, although
it does not invariably do so [93,118,119]. Upon elevation of
Ca2þcyt, inward K
+ channels are inhibited and S- and R-type an-
ion channels are activated. A detailed discussion of roles for
cytosolic Ca2+ in initiation and maintenance of stomatal clo-
sure is beyond the focus of this review, but is available else-
where [119,120]. It is certain that that PM Ca2+-channels are
important players in regulation of GC Ca2þcyt status, and these
channels are regulated by many of the same proteins and
metabolites involved in GC ABA response. For example, ge-
netic studies with era1 and abh1 ABA hypersensitive mutants
showed enhanced ABA sensitivity of PM Ca2+ currents, while
cpk3 and cpk6 mutants show ABA hyposensitivity of these
currents [104,121,122] (Fig. 3); all these phenotypes are consis-
tent with the aforementioned eﬀects of these mutations on
ABA modulation of S-type anion currents.
Blocking H2O2 production in guard cells inhibits ABA-in-
duced stomatal closure emphasizing the role of ROS during
this process [117]. The PM ABA-activated Ca2+ currents of
guard cells are likewise activated by H2O2 [116,117]. Disrup-
tion of two partially redundant Arabidopsis guard cell-ex-
pressed NADPH oxidase catalytic subunit genes, AtrbohD
and AtrbohF, causes impairment of: (1) ABA-induced stomatal
closing; (2) ABA promotion of ROS production and; (3) ABA-
induced cytosolic Ca2+ increases, and also leads to disruption
of ABA-activation of PM Ca2+-permeable channels in guard
cells, conﬁrming the regulation of these Ca2+ channels by cel-
lular redox status [18] (Fig. 3).
In isolated GC membrane patches, ATP or type 1/2A phos-
phatase inhibitors prolong Ca2+ channel activity, suggesting
protein phosphorylation as a proximate regulator of these
channels [123]. Dominant negative mutations in PP2C-type
protein phosphatases abi1 and abi2 disrupt ABA-activation
of Ca2+channels [17,124]. ROS production was also disrupted
in the abi1-1 mutant but not in the abi2-1 mutant, leading to
the hypothesis that abi2-1 aﬀects responses downstream of
ROS production [17] and abi1-1 aﬀects responses upstream
of ROS production (Fig. 3). However, there is also evidence
that ROS regulate ABI1 activity (discussed in [57]). Addition-
ally abi1-1, but not abi2-1, inhibits ABA activation of OST1
protein kinase [125], so the relative positions of these compo-
nents in the signaling cascade remain uncertain.3. Vacuolar ion transporters and channels
The vacuole makes up most of the volume of mature plant
cells, including guard cells. During stomatal movements, the
volume of guard cells can change by more than 40%, and total
vacuolar volume changes rapidly during these processes [126].
These observations indicate the important roles of ion ﬂuxes
across the tonoplast during stomatal movements [2]. Because
of the relative inaccessibility of the tonoplast in intact cells,
most of the data on tonoplast ion channels have been obtained
either by patch clamping of isolated vacuoles, or by tracer ﬂux
measurements on isolated guard cells [2]. Below we discuss the
identity, regulation and functional roles of vacuolar ion chan-
nels and transporters of guard cells. TIP-like aquaporins are a
class of vacuolar water channels and have been discussed else-
where in detail [127].
3.1. Vacuolar ion transporters: properties and regulation
Vacuoles serve as a H+ sink, and the accumulation of H+
into the vacuole depends on the activity of vacuolar-type
H+-ATPases (V-ATPases) [6] and H+ translocating pyrophos-
phatases (V-PPases). Regulation of these enzymes can thus af-
fect the secondary messenger, pHcyt [128,129]. Primary H
+
uptake across the tonoplast also indirectly mediates the move-
ments of other solutes between vacuoles and cytoplasm, via
H+-coupled antiporters and modulation of the tonoplast mem-
brane potential (Fig. 1).
Evidence for tonoplast H+-ATPases in plants came from
patch clamp recordings on isolated vacuoles of various plant
cell types, including guard cells [130,131]. At the molecular le-
vel, plant vacuolar H+-ATPases (V-ATPases), like those of
other eukaryotes, have a multiple subunit composition [132].
Genes for at least 26 diﬀerent V-ATPase subunits have been
identiﬁed in the Arabidopsis genome, with some subunits en-
coded by small gene families [132]. By contrast, V-PPases are
large homodimeric enzymes which utilize energy from pyro-
phosphate (PP) hydrolysis to drive H+ uptake into the vacuole
[133,134]. Despite their names, neither V-ATPases nor V-
PPases show exclusive localization at the tonoplast [134,135].
While molecular genetic elucidation of the role of the V-
PPases in guard cell function is still lacking, genetic evidence
for the importance of the V-ATPase in guard cells is provided
by a study on the V-ATPase subunit mutant, det3, of Arabid-
opsis [136]. In wild-type Arabidopsis guard cells, ABA, oxida-
tive stress, cold, and external calcium elicited Ca2+ oscillations
of diﬀering amplitudes and frequencies and induced stomatal
closure. In the det3 mutant guard cells although the cold and
ABA-induced Ca2þcyt oscillations and resulting stomatal closure
were normal, external Ca2+ and oxidative stress induced a non-
oscillating, prolonged Ca2þcyt increase and these stimuli no long-
er induced stomatal closure [136]. This result indirectly impli-
cates the V-ATPase in control of Ca2+ release, likely via
eﬀects on tonoplast membrane potential.
The importance of the H+ gradient in transport of other sol-
utes across the tonoplast is exempliﬁed by the case of NO3
storage. As discussed earlier, under some conditions NO3 is
an important osmoticum for stomatal opening, and is presum-
ably stored in the vacuole [137]. Recently a 2NO3 =1H
þ anti-
porter for vacuolar NO3 accumulation in Arabidopsis
mesophyll cells was identiﬁed as AtCLCa, a protein homolo-
gous to the prokaryotic CLC family of Cl channels and
H+/Cl exchange proteins [138,139]. The potential roles of
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guard cell physiology will be an exciting topic for future re-
search.
Vacuoles serve as a major Ca2+ store, and Ca2+ transporters
and channels within the tonoplast undoubtedly participate in
Ca2þcyt signal generation [140]. Ca
2+ can accumulate to millimo-
lar levels in the vacuole, and this accumulation is promoted by
high aﬃnity P-type Ca2+ ATPases [141] and moderate aﬃnity
Ca2+/H+ antiporters (CAX), each of which are encoded by
multigene families in Arabidopsis [141–143]. The speciﬁc roles
of these two types of Ca2+ transporters in guard cell function
have yet to be elucidated.
3.2. Vacuolar cation and anion channels: properties and
regulation
Several cation channel activities have been characterized in
guard cell vacuolar membranes (Fig. 1) including fast vacuolar
(FV), K+-selective vacuolar (VK) cation channels, and slow
vacuolar (SV) channels [2,144]. In isolated patch-clamped vac-
uoles, all of these channels can mediate K+ uptake or release,
depending on the electrochemical gradient for K+. FV chan-
nels activate quickly in response to voltage, are inhibited at ele-
vated (above 100 nM) Ca2+ concentrations, and are activated
by cytosolic alkalinization. VK channels do not exhibit volt-
age-regulation and are activated as Ca2þcyt concentrations in-
crease from resting levels. VK currents may be mediated by
members of the TPK/KCO K+ channel family, encoded in
Arabidopsis by six genes. KCO1/TPK1 was the ﬁrst K+ chan-
nel to be localized to the plant tonoplast [145] and, like VK
currents of guard cells, when heterologously expressed in yeast
KCO1 channels exhibit K+ selectivity, activation by Ca2+, and
voltage independence [146].
At 500 nM Ca2þcyt and above, SV channels, which are voltage-
regulated and activate slowly following a change in membrane
potential, are activated. SV ion channel activity has been
extensively characterized in guard cells [144,147,148]. SV type
vacuolar currents appear to be lost in mesophyll cells of
knockout mutants of TPC1, a two-pore Ca2+-induced Ca2+ re-
lease channel, suggesting that SV channels not only mediate
K+ ﬂux but also function as conduits for Ca2+ release [105].
However, whether a voltage-dependent shift of SV channel
activity leads to Ca2+ eﬄux in guard cells under physiological
conditions is currently under debate [105,149–151]. The release
of Ca2+ from the vacuole additionally involves several kinds of
Ca2+-permeable channels that have been implicated by physi-
ological experiments but not yet characterized at the molecular
level, including InsP3- and InsP6- and cADPR-sensitive Ca
2+-
release channels [120].
With regard to anion channels of the tonoplast, still little is
known. It has been hypothesized that some plant CLC family
members may function as vacuolar anion channels [62]. To
date, Cl and malate2 conductances that are activated by re-
combinant CDPK have been described at the guard cell tono-
plast [152]; the conductances show slightly diﬀerent kinetics,
and thus whether they are mediated by the same or diﬀerent
molecular entities is an open question.
3.3. Vacuolar ion transport: roles in guard cell signal
transduction
In the context of guard cell signaling, pharmacological and
biochemical evidence that ABA elevates cytosolic concentra-tions of secondary messengers such as Ca2+, InsP3- and InsP6-
and cADPR which in turn can activate endomembrane Ca2+-
release provides a link between ABA and regulation of
tonoplast ion transport. Arabidopsis tpc1 knockout plants
are impaired in Ca2+-induced, but not ABA-induced stomatal
closure, a phenotype they share with the det3 mutants. How-
ever, due to the fact that both K+ and Ca2+ can permeate
through the TPC1 channel it is still debated whether the phe-
notype observed is derived from altered K+ ﬂuxes or from
TPC1-dependent Ca2+ signaling. Given recent evidence for
roles of CDPKs in transducing ABA regulation of anion and
Ca2+ channels at the GC plasma membrane [104], it is antici-
pated that new connections may also soon emerge between
ABA, CDPKs and regulation of tonoplast transport. A possi-
ble link between extracellular Ca2+ concentration and tono-
plast transport is indicated by the recent observation that the
generation of Ca2þcyt oscillation is regulated by external Ca
2+
concentration via an apoplastic Ca2+ sensor (CAS)-mediated
CAS-InsP3 pathway in Arabidopsis [153].4. Conclusions and perspectives
Guard cells are an attractive model system for the study of
ion channel and ion transporter regulation. Transport proteins
of GCs integrate the plant’s response to its changing environ-
ment into readily observable outputs at the molecular (ionic
currents), physiological (stomatal apertures) and whole plant
(transpiration) levels. Active research in the past few years
has identiﬁed a number of physiological, biochemical and
molecular aspects of guard cell function. Molecular identities
of a number of ion channels and transporters are now estab-
lished, and aspects of the cellular regulatory mechanisms have
been revealed for well known responses such as blue light-in-
duced stomatal opening and ABA-induced stomatal closure.
However, gaping holes remain in our understanding of the
physiology of GCs and the mechanisms underlying their func-
tion.
One of the main areas to explore is the identiﬁcation of new
components governing guard cell physiology, including the yet
elusive anion channel and transporter proteins. In addition,
some channels, transporters, and regulatory mechanisms have
been described in other cell types, but whether the same mech-
anisms prevail in guard cells remain to be evaluated (cf. Table
1). Many channels and transport proteins have been identiﬁed
on the basis of their similarity to their mammalian counter-
parts however, novel plant-speciﬁc proteins or plant-speciﬁc
functions of known proteins may exist. For proteins known
to be involved in GC signaling, FRET-based studies could
be helpful in analyzing subcellular co-localization and interac-
tion [154]. Recent development of mass spectrometry-based
proteomic approaches coupled with puriﬁcation of protein
complexes, as well as study of membrane protein interactions
using the split ubiquitin based system [155,156], should also
prove useful in identiﬁcation of new protein partners of known
components. Large scale genomic and proteomic analysis of
guard cells could also help to identify novel regulators of ion
channels and transporters. The availability of knockout mu-
tants in most genes of the Arabidopsis genome provides a pow-
erful tool to directly assess the roles of candidate proteins in
guard cell function. With the many tools available to stomatal
S. Pandey et al. / FEBS Letters 581 (2007) 2325–2336 2333physiologists, we can look forward to continued rapid progress
in the ﬁeld of guard cell signaling.
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